Sex selection by flow cytometry/cell sorting involves the staining of spermatozoa with Hoechst 33342 in combination with the impact of a u.v. laser beam, two potentially mutagenic agents. A phenotypic and cytogenetic study of lymphocytes of piglets born after insemination with spermatozoa stained with Hoechst 33342 and from piglets obtained from stain-sorted spermatozoa was performed to evaluate the genotoxic effect of Hoechst 33342 staining and u.v. laser irradiation on the offspring. Lymphocytes from piglets born after insemination with unstained spermatozoa, but from the same ejaculate, were used as a control group. Peripheral blood lymphocytes from these piglets were cultured following a standard cell culture protocol. Cells were then collected by centrifugation, subjected to hypotonic solution and fixed and dropped onto slides. Sister chromatid exchanges (SCEs) and chromosome aberrations (CAs: including chromosome and chromatid breaks) per cell were scored in 50-s division metaphase spreads from each donor. Reproductive parameters and litter performance of all inseminations performed were also recorded in all groups. Data were analyzed by ANOVA. No significant increase (P > 0.05) of SCE and CA frequencies were observed in piglets born from stained spermatozoa or from stain-sorted spermatozoa with respect to controls (untreated sperm). The results indicated that no mutagenic effect on spermatozoa, expressed as increases in the incidence of abnormalities in the resulting offspring and also as increases in SCE and CA frequencies on lymphocytes from these individuals, was induced by the staining of boar spermatozoa with Hoechst 33342, nor by combination of staining with laser impact during flow cytometry.
Introduction
Flow cytometrically sorted X and Y chromosome-bearing spermatozoa have been successfully used to obtain offspring in domestic animals and humans using several assisted reproductive technologies (reviewed by Johnson 2000) . Flow cytometric sorting is widely accepted as a safe technique in practice, in the absence of phenotypic evidence that suggests otherwise. As far as we know, the only disadvantageous effects described when flow-sorted spermatozoa are used for insemination are the short fertile life span of the spermatozoa as well as the loss of embryos during gestation, expressed as a reduced litter size in both rabbits (Johnson et al. 1989) and pigs (Johnson 1991 , Vazquez et al. 2003 . However, the reason for this reduction remains unclear.
It is well known that Hoechst 33342 could have toxic and mutagenic effects upon certain cell types (Durand & Olive 1982) , and also that u.v. light produces an increase in chromosome structural abnormalities in mouse spermatozoa (Matsuda & Tobari 1988) . Concerns have been raised that simultaneous use of both agents may affect the genetic safety of sperm selection by flow cytometry (Ashwood-Smith 1994 , Munné 1994 , Gardiner-Garden 1999 and, consequently, the necessity to evaluate DNA damage on the sorted spermatozoa has become a priority in spite of the absence of congenital abnormalities (Morrel & Dresser 1989 ). However, no cytogenetic studies on the potentially mutagenic effect of flow cytometric-sorting technology on the animals born after insemination with spermatozoa processed with this technology have been reported.
Evaluation of the increases in baseline frequencies of cytogenetic endpoints such as sister chromatid exchanges (SCEs) and chromosome aberrations (CAs) has been used for many years to measure the possible mutagenic and carcinogenic effect when cells, animal or human, are exposed to known genotoxic agents (Perry & Evans 1975 , Latt et al. 1981 , Albertini et al. 2000 .
While it has been determined that SCE is an ideal method for evaluating the genotoxic potential of those substances that induce DNA damage or interfere with DNA metabolism or repair, CA has been more related with those substances that directly break the backbone of DNA or significantly distort the DNA helix (Carrano & Natarajan 1988) .
Consequently, the cytogenetic analysis using SCE and CA of animals born after insemination with spermatozoa stained with Hoechst 33342 and/or flow cytometrically sorted could represent an ideal means of determining the safety of this sex selection procedure.
The aim of the present study was to evaluate the phenotypic and cytogenetic normalcy of piglets born after insemination with Hoechst 33342-stained spermatozoa or stained and flow cytometrically sorted boar spermatozoa.
Materials and Methods
All reagents used in this study were provided by SigmaAldrich Co. (Alcobendas, Madrid, Spain), unless otherwise stated.
Animals
All animal experiments were approved by the ethical committee for animal experiments of the University of Murcia, Spain.
Animals were obtained from a commercial pig farm in Murcia (Spain). All males and females used for artificial insemination (AI) were sexually mature crossbred pigs. Sows (parity of two to six) were selected on the day of weaning and allocated individually to crates in a mechanically ventilated confinement facility. Mature boars of proven fertility were housed in individual pens in a controlled environment (23^2 8C). Animals received a commercial diet according to their reproductive condition, water being available ad libitum. Piglets generated from matings between these breeding animals were allocated into groups in a mechanically ventilated confinement facility and fed with a commercial ration twice a day, water being available ad libitum.
Semen collection and processing
Sperm-rich ejaculate fractions were obtained from five boars using the gloved-hand method, pooled and extended in Beltsville thawing solution (BTS; 205.0 mmol glucose, 20.39 mmol NaCl, 5.4 mmol KCl, 15.01 mmol NaHCO 3 and 3.35 mmol EDTA (Johnson et al. 1988) ) to 30 £ 10 6 spermatozoa/ml. Shortly after collection, the semen samples were evaluated and used if they met the minimum criteria: motility .80%, viability .85%, acrosomal abnormalities , 10%, abnormal sperm morphology ,15% (Vazquez et al. 1997) .
Spermatozoa were prepared using the Beltsville sperm sorting technology protocol as adapted for high speed sorting except that all spermatozoa (oriented and non-oriented) were sorted into a single tube. Extended spermatozoa were incubated in the dark with Hoechst 33342 (0.3 mM/1 £ 10 6 spermatozoa) for 1 h at 35 8C. After incubation, samples were filtered through a 30 mm nylon mesh filter to remove debris or clumped spermatozoa. These spermatozoa were sorted using an EPICS Altra high speed flow sorter (Beckman Coulter Corporation, Miami, FL, USA) operating at 42 p.s.i. and modified as described by Johnson & Pinkel (1986) with a Model 90C-6, 6 Q argon laser operated in u.v. light (351,364 nm) at 175 mW (Coherent Lasers, Inc., Santa Clara, CA, USA). Flow cytometrically sorted spermatozoa (FCS sperm) were collected in 50 ml bovine serum albumin (BSA)-coated plastic tubes containing 5 ml TEST-yolk (218 mmol TES, 56.1 mmol TRIS, 33.2 mmol glucose and 2% v/v of fresh egg yolk) extender (Johnson et al. 1989 ) and 10% boar seminal plasma. FCS sperm were stored at 22 8C until they were used. Spermatozoa were transferred to 10 ml BSAcoated tubes and concentrated by centrifugation at 500 g for 4 min to 150 million spermatozoa in 7.5 ml. Only samples showing more than 65% motility and 70% intact acrosomes after sorting were used for insemination.
Artificial insemination
AI was carried out, depending on the experiment, intracervically using an AI catheter (Minitü b Tiefenbach, Germany) or into the depth of one uterine horn using the deep intrauterine insemination technique (DUI) .
Standard AI into the cervix was performed in sows with spontaneous ovulation. Detection of oestrus was performed twice per day, beginning 3 days after weaning, by allowing females nose-to-nose contact with a mature boar and by applying back pressure. Sows that exhibited a standing heat reflex were considered to be in oestrus and inseminated. AI into the cervix was performed twice, at 0 and 24 h after the onset of standing heat.
Since the membranes of FCS spermatozoa may be compromised, we considered that it would be advantageous to induce ovulation in conjunction with the use of DUI. Oestrus was induced by injection of each female intramuscularly with 1250 IU equine chorionic gonadotrophin (Folligon; Intervet International BV, Boxmeer, The Netherlands) 24 h after weaning followed 72 h later with 750 IU human chorionic gonadotrophin (hCG) (Chorulon; Intervet International BV). DUI was performed in each sow in gestation crates without sedation, 38 h after hCG administration. After thorough cleaning of the perineal area of the sow, a commercial AI catheter was inserted through the vagina into the cervix and used to manipulate a specially designed flexible catheter (working length 1.80 cm, outer diameter 4 mm, diameter of the inner tubing 1.80 mm). The flexible catheter was inserted through the spirette, moved through the cervical canal and propelled forward along one uterine horn until all of its length had been inserted. Before insemination the inner tubing of the flexible catheter was rinsed with BTS and refilled with approximately 2 ml BTS at 22 8C. Insemination doses at 22 8C were flushed into one uterine horn using a 10 ml disposable syringe attached to the inner tubing of the flexible catheter. An extra 2 ml BTS alone was then used to force all remaining spermatozoa out of the flexible catheter and into the uterine horn.
Evaluation of reproductive parameters
Pregnancy was diagnosed at 24 -28 days after AI and 15 days later by transcutaneous ultrasonography (Pie Medical, Maastricht, The Netherlands). All pregnant animals were allowed to go to term. Farrowing rates and litter sizes were registered.
Evaluation of the normality of offspring

Phenotypic evaluation
Numbers of live, dead, mummified and morphologically abnormal piglets were registered in all litters. All piglets born live were weighed within 2 h after birth. Each pig was subjected to a daily health inspection during the first 15 days, and the following conditions were noted: ability to stand, unusual discharges from the mouth, bowels, urethra or vagina, eyes or nose. All piglets were weaned at 21 days of age. Weights at 21, 42 and 92 days were registered.
Cytogenetic evaluation
SCEs and structural CAs were used as biomarkers for the evaluation of DNA damage of lymphocytes of piglets born after insemination of the sows with stained or stained and sorted spermatozoa.
Peripheral blood was aseptically collected from piglets between 3 and 4 months of age (approximately 40 -50 kg weight). Cell suspensions were cultured following the protocol described for goat metaphases by Di Berardino et al. (1996) with minor modifications. Briefly, aliquots of 0.5 ml whole blood containing 6 £ 10 6 lymphocytes were added to each culture flasks containing 8 ml RPMI 1640 medium without L-glutamine (Gibco Life Technologies, Barcelona, Spain), including 1 ml fetal bovine serum, 0.1 ml L-glutamine (Gibco), 50 ml antibiotic/antimycotic solution and 0.1 ml Pokeweed mitogen (lectin from Phytolacca americana) to stimulate mitogenetic activity. All cultures were allowed to grow for 68 h at 38.5 8C. After 48 h from initiation, 0.1 mg/ml bromodeoxyuridine (BrdU) was added to each culture flask. This concentration of BrdU was the optimal dose obtained in a preliminary study to determine a concentration of BrdU sufficient for sister chromatid differentiation and yet having a minimal effect in the baseline frequencies of SCEs (I Parrilla, J M Vazquez, C Cuello, M A Gil, J Roca, D Di Berardino & E A Martinez, unpublished observations). Cultures without BrdU were included in order to analyse the frequencies of CAs.
The cultures were protected from the light and allowed to grow for an additional 20-22 h at 38.5 8C. Colcemid (Gibco) at 0.1 mg/ml final concentration was added for the final 15 min prior to harvesting. Harvested cells were collected by centrifugation (370 g//10 min), subjected to hypotonic solution (75 mM KCl) for 20 min and fixed in methanol/acetic acid (3:1; v/v). After fixation, the metaphases were dropped onto clean microscope slides and air dried. Air-dried slides were stained with acridine orange at 0.1% (w/v) in phosphate buffer (pH7) and sealed with paraffin. Samples were examined under a fluorescence microscope (Leica DMRB Fluo; Heerbrugg, Switzerland) and metaphases were stored by digital photography. SCE and CA data were obtained from the analysis of 50 well-spread metaphases in the second division bearing 38 chromosomes (total number of chromosomes in pig cells) and randomly scored per sample. SCE was counted each time that two adjacent segments of one of the chromatids in a chromosome were stained differently and CA was counted each time that a discontinuity or displacement greater that the width of the chromatid arm in one or both of the chromatids was observed. To avoid possible individual bias, all scoring was performed by the same investigator.
Experimental design
In experiment 1, the genotoxic effect of the Hoechst 33342 staining on boar spermatozoa was evaluated. A total of 45 and 44 sows were intracervically inseminated with 3 £ 10 9 unstained (control) and Hoechst 33342-stained spermatozoa respectively in a volume of 80 ml. Evaluation of reproductive parameters and piglet phenotypic characteristics was carried out in all sows inseminated and all piglets born respectively. Cytogenetic analysis was performed in eight randomly selected piglets born after insemination with unstained spermatozoa (four piglets, two males and two females) and stained spermatozoa (four piglets, two males and two females).
In experiment 2, the genotoxic effect of the Hoechst 33342 staining followed by the u.v. laser impact on sorted boar spermatozoa was evaluated. A total of 30 and 28 sows with induced ovulation were deeply inseminated with 150 £ 10 6 stained and sorted or unstained and unsorted (control) spermatozoa respectively in a volume of 7.5 ml. Evaluation of reproductive parameters and piglet phenotypic characteristics was carried out in all sows inseminated and all piglets born respectively. Cytogenetic analysis was performed in eight randomly selected piglets born after insemination with unstained spermatozoa (four piglets, two males and two females) and stained and sorted spermatozoa (four piglets, two males and two females) respectively.
Statistical analysis
Data are expressed as percentages or means^S.E.M. and differences were considered to be significant at P , 0.05. The percentage of sows within each insemination group for pregnancy and farrowing rates was compared using a chi-square test with Yate's correction. Litter size, live, low viability, splay leg, mummified piglets and SCE and CA differences were analysed using the GLM procedure Lack of genotoxicity of flow-sorting procedure in boar spermatozoa 617
Results
Experiment 1: evaluation of the genotoxic effect of Hoechst 33342 on boar spermatozoa
The data shown are from 8 consecutive weeks. Reproductive parameters for the inseminations performed in this experiment are shown in Table 1 . Pregnancy rates, farrowing rates and litter size did not significantly differ (P . 0.05) from the control group when Hoechst 33342-stained spermatozoa were used for AI.
There was no difference in the number of piglets born alive (9.97^3.20 vs 9.97^2.72), low viability piglets (0.39^0.63 vs 0.51^0.83), mummified piglets (0.21^0.41 vs 0.27^0.45) and in the number of piglets suffering from splay leg (0.28^0.51 vs 0.35^0.78) for piglets born after insemination with unstained and Hoechst 33342-stained spermatozoa respectively (P . 0.05).
Birth weight and 21-day weaning weight means for piglets born with stained spermatozoa were established at about 1.48^0.04 and 5.65^0.2 kg respectively, and no significant variations (P . 0.05) with respect to the control group (1.36^0.03 kg at the day of birth and 5.72^0.3 kg at 21 days of weaning) were observed. Similar results were found at 42 and 92 days with weight means of 10.21^0.6 and 47.50^1.3 and 10.18^0.7 and 47.23^1.5 for piglets born from unstained and Hoechst 33342-stained spermatozoa.
An average rate of 3.1^0.21 SCEs/metaphase and 2.8^0.16 SCEs/metaphase was found in lymphocytes from piglets born after insemination with unstained (control) and Hoechst 33342-stained spermatozoa respectively. This small difference was within the range of biological variability and did not reach statistical significance (P . 0.05) ( Table 2 ). Differences in SCE frequencies within piglets in the same group were observed but these differences did not reach statistical significance (P . 0.05). No interaction (P . 0.05) between the sex of the piglets and the number of SCEs per cell was observed.
CAs in metaphase analyse of lymphocytes revealed mainly chromatid breaks. Percentages of metaphases with CAs (in one or two chromatids) were low, ranging from an average rate of 0.05^0.01 CAs/metaphase and 0.04^0.01 CAs/metaphase for control and Hoechst 33342-stained spermatozoa respectively. The sex of the piglets did not affect the CA frequencies (P . 0.05).
Experiment 2: evaluation of the genotoxic effect of Hoechst 33342 followed by the u.v. laser impact on sorted boar spermatozoa
The data shown are from 15 consecutive weeks. Reproductive parameters for the deep intrauterine inseminations performed in this experiment are shown in Table 3 . Significantly lower pregnancy and farrowing rates and litter size were seen using FCS spermatozoa when compared with control spermatozoa (P , 0.05).
No variations for low viability piglets (0.25^0.33 vs 0.42^0.51), mummified piglets (0.14^0.34 vs 0.19 0.32) and in the number of piglets suffering splay leg (0.34^0.43 vs 0.43^0.65) were found between piglets in the control group and those obtained after DUI inseminations with stained and sorted spermatozoa respectively.
Birth weight and 21-day weaning weight means for piglets born in the control group were established at about 1.46^0.03 kg and 5.65^0.4 kg respectively, and no significant variations (P . 0.05) with respect to the piglets born after inseminations with FCS spermatozoa (1.520
.03 kg at the day of birth and 5.72^0.2 kg at 21 days of weaning) were observed. Similar results were found at 42 and 92 days with weight means of 10.89^0.5 and 48.12^1.6 and 10.57^0.8 and 47.59^1.2 for piglets born from control and FCS spermatozoa. An average rate of 2.6^0.19 SCEs/metaphase and 2.6^0.26 SCEs/metaphase was found in lymphocytes from piglets born after insemination with control and FCS spermatozoa respectively. As occurred in experiment 1, a small difference was found within the range of biological variability and did not reach statistical significance (P . 0.05) ( Table 4) .
CAs in metaphase analyse of lymphocytes also revealed mainly chromatid breaks. Percentages of metaphases with CAs (in one or two chromatids) were low, ranging from an average rate of 0.05^0.01 CAs/metaphase and 0.06^0.02 CAs/metaphase for control and FCS spermatozoa respectively.
No significant variations (P . 0.05) were found in SCE and CA frequencies between males and females.
Discussion
Considerable reservations concerning the genetic safety of a process that involves Hoechst 33342 spermatozoa staining in combination with u.v. laser impact have been expressed by some authors (Ashwood-Smith 1994 , Munné 1994 , especially after the successful application of this technology to the separation of human spermatozoa (Johnson et al. 1993) . It is well known that both Hoechst 33342 and u.v. laser are toxic and/or mutagenic when used in somatic cells (Durand & Olive 1982 , Sinha & Hader 2002 . However, to the best of our knowledge, no data concerning the mutagenic effects of these agents on boar spermatozoa as required for preselecting the sex by the flow cytometry sorting procedure are available.
We evaluated two steps of the flow cytometric sorting procedure that could be potentially harmful to the functional and chromosomal integrity of spermatozoa. First, the individual effect of the Hoechst 33342 on the spermatozoa and, secondly, the additive effect of the u.v. laser irradiation on the Hoechst 33342-stained spermatozoa.
The dosage of Hoechst 33342 required for staining spermatozoa before sorting by sexual chromosome did not affect pregnancy rates at 24 -28 days and either farrowing rates or litter size. These findings are not compatible with damage to the sperm chromatin integrity because it has been demonstrated that when the chromatin is compromised, failures in fertilization, early embryonic losses and spontaneous abortions are observed (Evenson 1999) . This innocuous effect of Hoechst 33342 on boar spermatozoa under our experimental conditions is in agreement with those obtained earlier . In the same way, piglets obtained after AI with Hoechst 33342-stained spermatozoa appeared to be no different from controls, either in the presence of congenital abnormalities or their growth at 21, 42 and 92 days, reinforcing the apparent innocuous effect of Hoechst 33342 on boar spermatozoa.
As far as we know, no data on cytogenetic analysis in piglets born from Hoechst 33342-stained spermatozoa have previously been reported. Genotoxicity endpoints, such as SCEs and CAs, are widely used as biomarkers of exposure to DNA-damaging agents. SCE evaluation is considered to be a more sensitive cytogenetic method than CA for evaluating genotoxic potential of a variety of mutagenic and carcinogenic agents (WHO 1993) . However, one cytogenetic analysis alone is not generally accepted as sufficient evidence to classify an agent as mutagenic (WHO 1985) . Thus, taking into account that the two genetic endpoints used here are not mutually exclusive but complementary and that they can respond with different sensitivities to the suspect agent, they have been included in the present study.
No significant increase in baseline frequencies of SCEs/-cell and CAs/cell was found in lymphocytes from piglets born after insemination with Hoechst 33342-stained spermatozoa compared with lymphocytes of animals from the control group. These findings suggested that Hoechst 33342 does not induce DNA damage; this was expected since this DNA-specific dye has been defined as a nonintercalating agent and binds to the minor groove of the adenine-thymine regions of the DNA helix (Johnson & Schulman 1994) . In addition, the extreme degree of condensation of DNA in the sperm by substitution of histones by protamines increases its protection against foreign influences (Tanphaichtr et al. 1978 , Rodriguez-Martinez et al. 1990 .
Variations in the number of SCEs/cell among individuals within the same group, regardless of sex, were found but not at significant levels. This slight variation can be mainly attributed in our experiment to the concentration of BrdU relative to the number of lymphocytes in the culture which is an individual factor (Carrano et al. 1980) . Since the presence of BrdU in the culture medium is necessary to achieve chromatid differentiation for disclosure of the exchanges, 0.1 mg/ml was found to be the limit in our experimental conditions for discriminating sister chromatid differential staining as observed earlier for several ruminant species (Di Berardino et al. 1996 .
On the other hand, when Hoechst 33342-stained spermatozoa were passed through the u.v. laser beam of the flow cytometer, pregnancy rates, farrowing rates and litter size obtained after DUI insemination were significantly (Vazquez et al. 2003) . However, the reason for this reduction remains unclear and no in-depth explanation has yet been given. The exposure of the Hoechst 33342-stained spermatozoa to the laser and/or the passage of the spermatozoa through the flow cytometer (including the high dilution rate, the projection into the collection tube or the post-sort centrifugation required for in vitro or in vivo insemination) are highlighted as the two main sources of the loss of reproductive yield. If the damage were more related to DNA changes, the fall in the reproductive parameters should be associated with an increased rate of abortions or congenital abnormalities as well as with an increase of SCEs and CAs in the piglets. By contrast, if the damage was more related to alterations in the functionality of spermatozoa shortening the fertile life span of the cells, a decrease in the reproductive index alone, without other associated alterations, would be expected. It could be argued that the u.v. laser beam may be having an impact on some of the spermatozoa because u.v. radiation induces two of the most abundant mutagenic and cytotoxic DNA lesions in somatic cells (Sinha & Hader 2002) . In addition, a reduction in the development of embryos has been observed after inseminating flow-sorted spermatozoa in pigs (Johnson 1991) , rabbits (McNutt & Johnson 1996) and cows (Cran et al. 1993) . DNA-damaged spermatozoa can fertilize oocytes at the same rate as intact DNA sperm but embryonic development is significantly decreased (Ahmadi & Ng 1999) . However, more recent studies undertaken with bovine or porcine zygotes showed that sorting stained spermatozoa with the new high speed flow sorter did not affect embryo development in blastocysts (Guthrie et al. 2002 , Zhang et al. 2003 . We must take account that if the u.v. laser has any effect, the duration of exposure of the stained sperm to u.v. laser light using the current high speed sperm-sorting procedure is much shorter than the exposure time necessary when standard speed flow-sorting cytometers are used. Consequently any presumed u.v. damage to spermatozoa would be expected to be less with this shorter u.v. light exposure (Guthrie et al. 2002) . In addition, it is also important to note that the high degree of condensation of the sperm chromatin, in comparison with other cells, makes DNA highly resistant to physical or chemical agents (Lopes et al. 1998) , and thus could represent an optimal protection from u.v. laser impact. Moreover, the safety of the procedure is reinforced by phenotypic and cytogenetic analysis done in our experiments. The normalcy of piglets obtained from our experiment as well as in earlier studies (Johnson 1991 , Rath et al. 1997 , Abeydeera et al. 1998 , Vazquez et al. 2003 allows us to deduce that no severe DNA damage resulting from the combination of staining and laser beam is induced in boar spermatozoa and thus no genetic abnormalities are expected in the offspring. Moreover, no deviations from SCE and CA baseline frequencies were found for these piglets with respect to the control group.
On the other hand, it could also be argued that the sorting process itself could induce alterations in membrane status, changes in motility patterns, thereby reducing the fertile life span of the spermatozoa regardless of the Hoechst 33342 staining or u.v. laser impact effect (Johnson 1995 , Maxwell et al. 1997 , Maxwell & Johnson 1999 , Parrilla et al. 2001 . In truth, a reduction in the fertility index without any increase in lost pregnancies, abortions or morphological abnormalities should be obtained as observed in our experiments where, in addition, the cytogenetic analysis did not shown any deviations from baseline levels according to the phenotypical normalcy of the offspring.
In conclusion, this is the first report confirming the absence of in vivo genotoxic effects of the flow cytometrysorted semen technology, based not only on the lack of phenotypic evidence but also on the absence of increases in the frequencies of mutagenic indexes in the offspring. Further analyses on specific genes in boar spermatozoa should be undertaken to increase our knowledge about of the genetic safety of this procedure.
